Abstract. The proposed active source-pull measurement technique allows the creation of variable source impedances having true unitary complex reflection coefficients (total reflection at any desired phase). Based on the use of a reverse six-port reflectometer, frequency-independent source impedances can be synthesized and the power available from the source can also be calculated. The technique is found to be suitable for multi-tone characterization of microwave devices, for use as mixers or broadband power amplifiers. Experimental validations show that the linear measurement accuracy of the proposed technique is about ±0.007 ± 0.5
Introduction
Following the development of load-pulling techniques [1] [2] [3] [4] [5] , modern design of nonlinear active circuits usually takes into account the effect of load impedances on the desired performance (gain, DC power consumption efficiency, harmonic or intermodulation product generation, etc). It consists of optimizing the 'load' in order to 'pull' out the whole potential of the device. Early load-pull characterization techniques employed a mechanical tuner. However, due to the insertion loss, it is not possible to cover the entire Smith chart using this method. In addition, the tuner impedances seen at different output frequencies are not independent. In the active load-pull approach, a signal well controlled in amplitude and in phase, injected at the output of the device under test (DUT), can synthesize the reflected wave of any loads, even highly mismatched ones. It is also possible to control the load impedances seen at each output frequency independently by combining separated active load-pull signals [5] . These abilities allow the design of nonlinear circuitry such as FET frequency multipliers, FET oscillators and power amplifiers with higher performance [6, 7] .
A similar approach, called source-pulling for the evaluation of linear/nonlinear device performance as a function of the source impedance, has also been proposed [8] [9] [10] . However, these source-pull measurement techniques suffer from several shortcomings such as the risk of oscillation of the active source-pull loop and the permanent need of a supplement vector network analyser (VNA) in the test set [8] , or the need to calibrate the automated tuner [9] . Moreover, it still is impossible to control the variation of the source impedance independently at each input frequency [9, 10] , since passive mechanical tuners are used. This paper proposes an active sourcepull measurement (ASPM) technique using a reverse sixport reflectometer. The proposed technique overcomes the above mentioned difficulties, allowing the synthesis of quasi-unitary source reflection coefficients at the input frequency. The six-port-based ASPM technique is validated via direct measurements of transducer gain circles of a linear amplifier and of a C-class operated MESFET. The ASPM technique has been found suitable for the multi-tone analysis of nonlinear devices. It should also be helpful in the design of transceiver spuriousless mixers, or C-class high-power amplifiers.
Active source-pull measurement technique
It has been shown that a six-port reflectometer (see the appendix) used in reverse configuration can measure its own test port impedance [10] . A mechanical stub tuner connected at the input of the reverse six-port junction allows variation of the source impedance seen by the device under excitation (see figure 1) . The six-port reflectometer is calibrated and de-embedded conventionally according to the usual explicit calibration method [11] . The three error box complex constants c , d and e of the reverse six-port are related to those of the direct six-port, c, d and e, as follows [10] :
The three conventional error box constants are determined by measuring three standards (short, open and matched load) at a fixed plane. De-embedding technique such as the Thru-Reflect-Line method can be used to move the reference plane at the DUT input plane. The use of the reversed six-port junction obviates the need to use a supplementary VNA or measurement of the source tuner S parameters. The use of a transparent six-port reflectometer (S 11 ≈ S 22 ≈ 0, S 21 ≈ S 12 ≈ 1) reduces the losses of the network and allows a wide area delimited by | | ≈ 0.9 to be covered on the Smith chart. In practice, extra components such as a biasing T-junction, test fixture, directional coupler, combiner/divider or multiplexer are often needed to bias the DUT and to support multi-frequency excitation measurement. Thus the overall network loss can be increased to 3 or 4 dB, dramatically reducing the covered region to a circle of radius | | ≈ 0.5 or 0.4. This fact reduces the use of passive source-pull characterization for FETs, since the latter often have a high input impedance (| | > 0.8 to 0.95). To overcome this limitation, an ASPM technique is proposed. Since the source mismatch is due to the reflected wave caused by the stub tuner connected at the input of the six-port junction (figure 1), the source impedance can be synthesized in an active manner, similarly to the active load-pull technique.
A first (and logical) strategy for ASPM uses a closed loop to replace the stub tuner ( figure 2 ). An amplifier allows the loss in the network to be compensated and produces true unitary reflection coefficients. However, oscillations may occur in the closed loop which can influence the measurement accuracy or damage the DUT. The proposed ASPM technique consists of injecting a part of the input signal, which is well controlled in amplitude and in phase, to the input of the six-port junction (figure 3). Thus, highly mismatched source impedances can also be synthesized at the DUT reference plane. This arrangement avoids any risk of oscillation of the set-up itself. Furthermore, if the signal is injected only at the input of the six-port (by strongly decreasing the signal that is injected though the coupler with an attenuator, or by simply disconnecting the generator from the coupler), the six-port reflectometer operates in direct configuration and could be used to measure the reflection coefficient in of the DUT input instead of its own test port reflection coefficient S , providing that the appropriate error box constants are used. Therefore, that arrangement allows the use of the six-port reflectometer in both reverse and direct configurations for measuring the reflection coefficients of the source and of the DUT input, without the need to disconnect the DUT during measurement.
A verification of this suggested source-pull technique is obtained by means of linear and nonlinear measurements on a NE76184 transistor. First, the transistor is operated in class A (linear mode) and for several input loads, the available gain is measured with the ASPM technique.
The results are compared with well-known theoretical calculations based on S parameters. Second, the transistor is operated in class C (nonlinear mode) and for another set of input loads, the transducer gain is measured. The corresponding results are compared with measured values obtained with the conventional tuner method (figure 1). For both linear and nonlinear cases, the measurements done with the proposed technique are verified against well established and accepted methods.
The measured available gain (for linear measurements) corresponds to the difference (in dB) between the power available at plane 4 and the power available at plane 2 ( figure 3(a) ):
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AV S is power available at plane 2.
The measured transducer gain (for nonlinear measurements) corresponds to the difference (in dB) between the power delivered at plane 4 and the power available at plane 2 ( figure 3(b) ):
where G T is the transducer gain between planes 2 and 4 for a given S , P 4 L is power flow at plane 4 and P 2 AV S is power available at plane 2.
The power available at the input of the test device P 2 AV S in equations (2) and (3) [12] . Applying the well known formula of the available power gain on the matrix S [2X2], the power available from the signal generator connected at plane 1 can be translated to plane 2:
where P 1 AV S is pre-measured by a powermeter and G is the reflection coefficient of the signal generator, which is assumed constant. The quantity P 4 AV S in (2) is deduced from the powermeter reading P meas , taking into account the detector mismatch:
where R and out are respectively the reflection coefficients of the power detector and the DUT output. The coefficient out is determined using the S parameter of the DUT and the source reflection coefficient. Finally, the quantity P 4 L in (3) is deduced from the spectrum analyser readings. A spectrum analyser is used to measure only the fundamental component of the multi-harmonic output signal.
Measurements
For the linear measurements, the first step is to obtain the S parameters for the NE76184 medium power MESFET with a HP8510C commercial vectorial network analyser. The transistor is mounted on a homemade fixture including biasing circuit and pre-match network. A pre-match network must be used to bring the source reflection coefficient associated with the maximum gain within the reach of the tuner method. At 4 GHz, it has been found that S 11 = 0.473 − 92.6
• , S 12 = 0.084 161.4
• , S 21 = 3.142 − 138.1
• and S 22 = 0.041 − 153.1 • for bias conditions of V DS = 3.00 V and I DS = 20 mA. The error in the measurement of the S parameters is 0.001 0.1 • and this value is given by the manufacturer of the VNA. Active source-pull measurements are then performed using the reverse six-port reflectometer set-up ( figure 3(a) ). Figure 4 gives an overview of fifty measured points with respect to theoretical available gain 'circles', which are computed using Matlab. These points are chosen in order to retrace experimentally the constant available gain contours of 3, 7, 9 and 11 dB. Table 1 gives a more concise comparison between measured and theoretical values for arbitrary points. Excellent agreement is found between the measured and calculated values.
For the nonlinear measurements, the same transistor and fixture is used but the bias conditions are settled at V DS = 3 V and V GS = −1 V (I DS = 0 mA) for a class C amplification at 4 GHz. The power available in 50 at plane 2 ( figure 3(b) ) was (150 ± 2) µW or (−8.2 ± 0.1) dB m. A first set of 102 measurements is taken with the reverse six-port reflectometer configuration ( figure 3(b) ). The constant transducer gain contours interpolated from the measurements are shown in figure 5 . The irregular shape of the contours is explained by the effects of the error on the measured gain on the interpolation routine used to produce the contours. Then, five values of S are chosen among the 102 measured values. Those values are reproduced with the source-pull set-up using the stub tuner and, again, G T is measured for each point. Table 2 gives a comparison between the measurements taken with the two set-ups. The first data row of the table corresponds to the maximum gain measured with both set-ups. Again, good agreement is found between measurements by the two methods. Experimentally, it has been found, for both linear and nonlinear operation, that unitary source reflection coefficients can be attained. The proposed active sourcepull measurement technique provides an accuracy of ±0.007 ±0.5
• for the reflection coefficients measurements and ±0.1 dB for the available gain evaluation (linear case) and an accuracy of ±0.01 ± 1
• for the reflection coefficients and ±0.15 dB for the transducer gain evaluation (nonlinear case). The error in the measurement of the reflection coefficient comes from non-repeatability of the powermeter used. The estimation of the error was realized by measuring two well-known verification standards not used in the calibration procedure. After the calibration was conducted, the verification standards were measured. The uncertainty used for the measurements is that given by the biggest measurement error for the two verification standards. The total error is the combined effect of the error occurring in the calibration phase and the error occurring in the measurement phase. The error in the gain measurement for the linear case was obtained by measuring the power flow across a loss-less passive tuner and a powermeter traceable to the National Institute of Standards and Technology. The power flow was measured for over 100 reflection coefficients well distributed on the Smith chart. The 0.1 dB value is given by the greatest difference between the powermeter reading and the six-port measurement. The error in the power measurement for the nonlinear case is 0.15 dB because an extra 0.05 dB must be added because of the poor repeatability of the spectrum analyser.
Conclusion
A new active source-pulling technique using a reverse sixport reflectometer is proposed and validated for both linear and nonlinear active devices. The technique can be used for one-frequency or multi-frequency excitation, where different source reflections coefficients may be independently synthesized. The source impedance presented to the DUT is measured directly. Highly reflective source impedances can also be presented. Combining active source-pull and active load-pull measurements, a dual six-port network analyser might be suitable for characterizing nonlinear components operated under multi-tone excitation.
